Multiple sclerosis (MS) is a common chronic inflammatory demyelinating disease of the central nervous system (CNS) causing progressive disability. Many observations implicate Epstein-Barr virus (EBV) in the pathogenesis of MS, namely universal EBV seropositivity, high anti-EBV antibody levels, alterations in EBV-specific CD8 + T-cell immunity, increased spontaneous EBVinduced transformation of peripheral blood B cells, increased shedding of EBV from saliva and accumulation of EBV-infected B cells and plasma cells in the brain. Several mechanisms have been postulated to explain the role of EBV in the development of MS including cross-reactivity between EBV and CNS antigens, bystander damage to the CNS by EBV-specific CD8 + T cells, activation of innate immunity by EBV-encoded small RNA molecules in the CNS, expression of αB-crystallin in EBV-infected B cells leading to a CD4 + T-cell response against oligodendrocyte-derived αB-crystallin and EBV infection of autoreactive B cells, which produce pathogenic autoantibodies and provide costimulatory survival signals to autoreactive T cells in the CNS. The rapidly accumulating evidence for a pathogenic role of EBV in MS provides ground for optimism that it might be possible to prevent and cure MS by effectively controlling EBV infection through vaccination, antiviral drugs or treatment with EBV-specific cytotoxic CD8 + T cells. Adoptive immunotherapy with in vitro-expanded autologous EBV-specific CD8 + T cells directed against viral latent proteins was recently used to treat a patient with secondary progressive MS. Following the therapy, there was clinical improvement, decreased disease activity on magnetic resonance imaging and reduced intrathecal immunoglobulin production. Multiple sclerosis (MS) is a common chronic inflammatory demyelinating disease of the central nervous system (CNS), causing progressive disability and affecting 2.5 million people worldwide. 1,2 It is two to three times more common in females than in males. In most cases the disease initially follows a relapsing-remitting course, where there are repeated attacks of neurological dysfunction, each followed by partial or complete recovery, and a period free of new symptoms. Eventually, most patients with relapsing-remitting MS experience progressive neurological deterioration occurring independently of relapses-secondary progressive MS. In 10-20% of patients, MS follows a primary progressive course, with progressive neurologic deterioration from the onset, sometimes with superimposed relapses. A number of immunomodulatory disease-modifying therapies are available for the treatment of relapsing-remitting MS, but currently there is no effective disease-modifying therapy for progressive MS. A large body of evidence indicates that MS is an autoimmune disease, 3,4 but the primary cause of MS and the other human chronic autoimmune diseases is yet unknown. There is now a large body of evidence indicating that infection with the Epstein-Barr virus (EBV) has a major role in the pathogenesis of MS, although its exact role is incompletely understood. 5, 6 This review aims to provide (1) an introduction to the biology of EBV infection, (2) an overview of the evidence implicating EBV in the pathogenesis of MS, (3) a discussion of the proposed mechanisms by which EBV infection contributes to the development of MS and (4) strategies aimed at preventing and treating MS by controlling EBV infection.
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EPSTEIN-BARR VIRUS
EBV is a double-stranded DNA γ-herpesvirus causing lifelong infection in a high proportion (≈90%) of the world adult population. As a lymphocryptovirus, it possesses the unique ability to infect, activate and clonally expand B lymphocytes, and then persist as a latent infection within these cells. During primary infection, EBV, transmitted via saliva, enters naive B cells in the tonsil by attaching its surface glycoprotein gp350 to complement receptor 2 (CD21) on the surface of mature B cells and follicular dendritic cells. 7 Immediately following initial B-cell infection, EBV expresses two homologues of the cellular anti-apoptotic Bcl-2 protein (BALF1 and BHRF1), which are essential for the survival of newly infected cells. 8 EBV drives the infected B cell out of the resting state to become an activated B blast and then takes advantage of the normal pathways of B-cell differentiation to enable the B blast to become a latently infected resting memory B cell. 9 To achieve this, the virus uses a series of different latency transcription programmes. 9 After entering naive B cells, EBV first employs the latency III or 'growth' programme to express all viral latent proteins, namely the Epstein-Barr nuclear antigens (EBNAs) 1, 2, 3A, 3B, 3C and LP, and the latent membrane proteins (LMP) 1, 2A and 2B. The thereby activated B blast enters a tonsillar germinal centre where it downregulates the expression of the EBNA proteins 2, 3A, 3B, 3C and LP. Ongoing expression of EBNA1, LMP1 and LMP2 (latency II or 'default' programme) enables the infected B cell to proceed through a germinal centre reaction to become a memory B cell. The EBV-infected memory B cell exits from the germinal centre and circulates in the blood; it expresses no viral proteins except during cell mitosis, when it expresses only EBNA1 (latency I). EBNA1 engages the host cell DNA polymerase, thereby enabling duplication of each EBV genome and transmission of the genome to each daughter cell. The absence of viral protein expression allows the virus to persist as a latent infection in memory B cells despite a healthy immune response. When latently infected memory B cells return to the tonsils, they can terminally differentiate into plasma cells, which initiates the lytic (replicative) transcription programme with the production of infectious virus. 10 The released virions infect tonsil epithelial cells where the virus rapidly replicates and sheds continuously into saliva so that it can be transmitted to new hosts. 11 Newly formed virus can also infect additional naive B cells in the same host.
Latently infected memory B cells show the characteristic molecular features of classical antigen-selected memory B cells, namely somatic hypermutation and class-switch recombination of their immunoglobulin (Ig) genes. 12 In classical B-cell differentiation, naive B cells, activated by antigen through the B-cell receptor (BCR) and by T-cell help through CD40, proliferate and then proceed through a germinal centre reaction. Strikingly, LMP2A and LMP1, which are expressed by EBV during latency II and latency III, mimic the antigen-activated BCR and the activated CD40 receptor, respectively. In vitro, LMP2A has the ability to mimic and replace constitutive BCR signalling, thereby supporting an activated, proliferative state in B cells, which are resistant to apoptosis. 13 In transgenic mice, LMP1 can act as a constitutively active CD40 receptor, completely substituting for CD40 signalling and resulting in normal B-cell development, activation and immune responses, including class-switch recombination, germinal centre formation and somatic hypermutation. 14 Although LMP2A and LMP1 have the potential to drive infected B cells through a germinal centre reaction independently of antigen and T-cell help, 9 in the tonsils they appear to act synergistically with BCR signalling and CD40 signalling, respectively. 15 A further difference between the in vitro and in vivo behaviour of EBV-infected B cells is that when EBV infects B cells in vitro it activates them to become lymphoblasts, which proliferate indefinitely to form a B-lymphoblastoid cell line (LCL), whereas in vivo newly infected lymphoblasts in the tonsils of healthy EBV carriers seemingly undergo very limited proliferation before entering the germinal centre where they proliferate extensively and differentiate into memory B cells. 16 The continuous proliferation of B lymphoblasts in LCL in vitro may be a consequence of their not having access to a germinal centre environment to downregulate expression of the EBNA proteins 2, 3A, 3B, 3C and LP. 16 To evade immune surveillance, EBV encodes several proteins that inhibit discrete stages of the major histocompatibility complex class I and class II antigen presentation pathways. 17 Despite this, EBV infection is normally tightly controlled by EBV-specific immune responses, especially by cytotoxic CD8 + T cells, which kill proliferating and lytically infected B cells. 18, 19 A recent study in mice with reconstituted human immune system components suggests that innate immune control by natural killer cells also has an important role in restricting lytic EBV replication during primary infection. 20 In the developing world, most children are infected within the first 3 years of life and EBV seropositivity reaches 100% within the first 10 years. 21 These early primary infections are nearly always asymptomatic. In contrast, in the developed world, up to 50% of children are EBV seronegative at the end of their first decade and then become infected through intimate oral contact in adolescence or young adulthood. 21 As many as half of these delayed primary infections are symptomatic, presenting after an incubation period of 4-7 weeks as acute infectious mononucleosis (AIM) (glandular fever), manifested by fever, fatigue, malaise, pharyngitis and lymphadenopathy. 22, 23 During the incubation period, the cycle of infection, B-cell activation, germinal centre reaction, lytic replication and reinfection initially proceeds without interference by cytotoxic CD8 + T cells, because it takes time to mount an adaptive immune response. As a result, the number of latently infected memory B cells during AIM can rise to half, or even higher, of the peripheral memory B-cell compartment. 24 Eventually, the infection induces a massive expansion of activated EBV-specific CD8 + T cells, which rapidly control the infection by killing a high proportion of the EBV-infected B cells. 22 With the rapid decline in the EBV viral load, the number of EBV-specific CD8 + T cells also rapidly declines towards the levels found in persistently infected healthy virus carriers. 25, 26 It has been suggested that the difference between asymptomatic primary EBV infection and AIM is the higher number of EBV-infected B cells in the latter, with the symptoms being due to the massive destruction of virus-infected B cells by cytotoxic CD8 + T cells. 26 It is unclear why a higher proportion of B cells should be infected when primary infection is delayed beyond childhood to adolescence, or later. Possible explanations include a higher dose of viral inoculum acquired by intimate oral contact, a less-effective natural killer cell response 27 and a reduced capacity to mount a rapid effective CD8 + T-cell response in adolescents/adults compared with young children. Notably, the absolute size of the CD8 + T-cell population in healthy individuals decreases threefold between the ages of 2 and 16 years. 28 The pivotal role of CD8 + T cells in controlling primary EBV infection is illustrated by the occurrence of potentially fatal B-cell lymphoproliferative disease in immunosuppressed transplant recipients who have low numbers of EBV-specific T cells and high viral loads. 29 
EVIDENCE FOR A ROLE OF EBV IN THE PATHOGENESIS OF MS
Universal EBV seropositivity in MS The first evidence for a role of EBV in the pathogenesis of MS came in 1979 when Fraser et al. 30 reported that peripheral blood lymphocytes from patients with clinically active MS have an increased tendency to spontaneous in vitro EBV-induced B-lymphocyte transformation. In the following year, Sumaya et al. 31 reported that MS patients have a higher frequency of EBV seropositivity and higher serum anti-EBV antibody titres than controls. Subsequent studies have shown that MS patients are almost universally seropositive for EBV, but not for other viruses. 32, 33 In a meta-analysis of 13 case-control studies, 99.5% of MS patients were EBV seropositive compared with 94.0% of controls, with EBV seronegativity having an OR MH odds ratio of MS of 0.06 (exact 95% confidence interval: 0.03, 0.13; Po0.000000001). 34 A prospective study has demonstrated that among subjects not infected with EBV the risk of developing MS is extremely low, but after EBV infection there is a sharp increase in risk, with an estimated mean interval of 5.6 years between primary EBV infection and onset of MS. 35 The above studies suggest that EBV infection is a prerequisite for developing MS but is not sufficient, by itself, to cause MS because the great majority of people infected with EBV do not develop the disease. Indeed, a recent meta-analysis of 25 studies concluded that EBV infection is present in 100% of MS patients when two independent methods are used to determine EBV seropositivity. 36 Moreover, a clinical history of AIM increases the risk of MS, with a relative risk of 2.3. 37 Notably, fatigue is a frequent and disabling symptom of both AIM 23 and MS. 38 It may persist for many months after AIM, especially in females, 23 and may herald the onset of MS, often by years. 39 Since 1981, it has been noted that the epidemiology of MS is consistent with primary EBV infection in adolescence or young adulthood. 40 Indeed, delayed primary infection with EBV can explain all the following epidemiological features of MS: the association with higher socio-economic status; the latitudinal variation in prevalence, which increases with distance from the equator; the effects of migration on the risk of acquiring MS; and the occurrence of clusters and epidemics of MS. 41 50 EBV early antigen, 43, 44, 51 Epstein-Barr virions 52 and the EBV lytic protein BRRF2. 45 The increased IgG response to Epstein-Barr virions is directed at multiple components of the virions. 52 Serum levels of IgA antibodies to EBV early antigen are also increased in MS patients. 48 Of the various EBV proteins, EBNA1 stands out as eliciting the most robust antibody response, its dominance being particularly evident in the study of Ruprecht et al. 50 who examined IgG reactivity to 1465 peptides representing 8 full-length EBV proteins, including EBNA1, EBNA3, EBNA4, EBNA6, BLRF2, BZLF1, LMP1 and VP26. The response to EBNA1 is directed at multiple different regions of the molecule, especially within its glycine-alanine repeat (amino acid residues 90-328). 50 Elevation of anti-EBNA1 IgG in the serum is present not only at the onset of MS 49 but even before the onset of MS. 35, 44, 53, 54 Moreover, the serum level of anti-EBNA1 IgG correlates with the number of active inflammatory demyelinating lesions in the brain, as indicated by gadolinium enhancement on magnetic resonance imaging (MRI), 55, 56 and with the total number of T2 MRI brain lesions; 49 it also correlates with future disease progression measured clinically and by MRI. 49, 55 Given that EBNA1 is the only EBV protein expressed by homeostatically proliferating EBV-infected memory B cells, 57 the dominance of the anti-EBNA1 IgG response in MS may reflect a high frequency of latently infected cells rather than indicating a specific pathogenic role of these antibodies.
Humoral immunity to EBV in MS
In addition to having elevated levels of anti-EBV antibodies in the serum, patients with MS also have elevated levels of these antibodies in the cerebrospinal fluid (CSF), including IgG antibodies to EBNA1, 45, 47, 58, 59 viral capsid antigen, 43, 59 EBV early antigen, 43 Epstein-Barr virions 52 and BRRF2. 45 Elevation of anti-EBNA1 and anti-viral capsid antigen IgG in the CSF is present at the onset of MS. 59 Elevation of anti-EBV antibodies in the CSF could indicate specific intrathecal synthesis of antibody against EBV or simply reflect the transport of increased anti-EBV antibodies from the blood to the CSF. The antibody index makes this distinction, with an index of ⩾ 1.5 indicating intrathecal synthesis. 60 Some studies have found an elevated anti-EBNA1 IgG index in the CSF of the majority of MS patients, 58, 59 whereas others have found this in only a small proportion (o10%) of patients. 61, 62 In some patients, some of the characteristic CSF oligoclonal IgG bands have reacted to EBV proteins, indicating intrathecal synthesis. 45, 58 However, even in MS patients with an elevated anti-EBV antibody index, anti-EBV IgG comprises only a small fraction (median 0.65%) of the total amount of intrathecally synthesized IgG, much less than in patients with EBV-driven cerebral post-transplantation lymphoproliferative disorder (median 27.82%). 63 In MS, there is also intrathecal synthesis of antibodies to other viruses, especially measles, rubella and varicella zoster viruses, as indicated by elevated antibody indices. [62] [63] [64] [65] Indeed, the contribution of anti-EBV IgG to total intrathecal IgG production in MS is no greater than the contributions of anti-measles virus IgG, 63, 66 anti-rubella virus IgG 66 or anti-varicella zoster virus IgG. 65 The fractions of total intrathecal IgG production attributable to specific responses to measles, varicella zoster and herpes simplex viruses in MS are 20-to 60-fold lower than in encephalitides caused by direct infection of the CNS by these viruses. 65, 66 Intrathecal Ig production in MS is clearly not dependent on the humoral response to EBV or any other single virus, but it could be due to antibody production by clonally expanded EBV-infected B cells/plasma cells within the CNS, 6, 67 with EBV-infected autoreactive plasma cells being major contributors, as they are in the synovium in rheumatoid arthritis 68 and salivary glands in Sjögren's syndrome. 69 A possible explanation for the intrathecal production of antibodies against viruses, such as measles, not present in the brain in MS is the non-specific recruitment to the inflamed CNS, and survival there, of circulating plasmablasts and plasma cells producing antibodies against these viruses. 70
Cellular immunity to EBV in MS
The first direct evidence for impaired CD8 + T-cell control of EBV in MS came in 1983 when Craig et al. 71 showed that MS patients have impaired regression of the outgrowth of EBV-transformed B cells in vitro, a finding they confirmed in 1985, 72 although a more recent study using CD23 expression to detect EBV-infected B cells found normal T-cell-mediated regression. 73 Further evidence for impaired CD8 + T-cell control of EBV-infected B cells in MS comes from the observations of decreased T-cell control of Ig-secreting B cells after in vitro infection with EBV, 74 a decreased frequency of circulating CD8 + T cells producing interferon-γ in response to autologous LCL 75 and a decreased CD8 + T-cell proliferative response to LCL. 76 One small study of 11 patients found an increased frequency of CD8 + T cells producing interferon-γ in response to LCL, 45 but it is important to note that this was the frequency within the CD8 + T-cell population rather than within peripheral blood mononuclear cells (PBMCs): this fails to take account of the generalized CD8 + T-cell deficiency typical of MS 77, 78 and an important determinant of the decreased frequency of EBV-specific CD8 + T cells within PBMCs. 79 Studies using synthetic EBV peptides or multimers have found normal, 49,80 increased [81] [82] [83] or decreased 84 CD8 + T-cell responses to EBV in MS patients. There are several possible reasons for the discrepancy between the results obtained using peptides/multimers on the one hand and EBV-infected B cells on the other to measure CD8 + T-cell reactivity to EBV. First, the responses measured by selected peptides or multimers represent only a small proportion of the aggregrate CD8 + T-cell response to EBV-infected B cells, whereas LCL express not only the latent proteins of EBV but also the lytic proteins, 85, 86 because a proportion of the cells in LCL are in the lytic phase of infection. Second, the use of peptides and multimers bypasses the normal physiological process of antigen processing; thus, a person might have a high frequency of T cells producing interferon-γ in response to an exogenously added synthetic EBV peptide, which is presented at only a low density on the surface of EBV-infected B cells so that the infected B cells are poorly recognized by peptide-specific T cells. 87 Third, multimer-based analysis does not measure T-cell effector function and hence does not discriminate between healthy and exhausted T cells. Another important variable in all these T-cell studies is the stage of the disease process at which blood is collected. One study found the frequency of EBV-specific CD8 + T cells in the blood to decrease with increasing duration of MS, suggesting T-cell exhaustion; 82 another found an increased frequency of CD8 + T cells specific for EBV lytic antigens during the active phase of relapsing-remitting MS. 83 It has been proposed that a genetic deficiency of CD8 + T cells impairs control of EBV infection in MS patients, leading to a high EBV load and accumulation of EBV-infected autoreactive B cells and plasma cells in the CNS, with an ensuing vicious circle whereby the inherently deficient CD8 + T-cell response is further compromised by EBV-specific T-cell exhaustion as a result of the persistent high EBV load. 6, 79 The CD8 + T-cell deficiency in MS predominantly involves the CD62L -effector memory subset, 78 which is responsible for immunosurveillance of the CNS and protection against viral infection. 88, 89 Further research is needed to determine the cause of the CD8 + T-cell deficiency in MS and whether it is genetically determined.
EBV-specific CD8 + T cells are enriched in the CSF, compared with that in the blood, in early MS but not in patients with other inflammatory neurological diseases. 59 This recruitment of CD8 + T cells to the CNS is selective for EBV-specific T cells, because T cells reactive to cytomegalovirus, another herpesvirus, are not enriched in the CSF. 59 In view of the fact that antigen-specific CD8 + T cells infiltrate the brain only when their cognate antigen is present, 90 these findings suggest that EBV is present in the CNS in MS. Alternatively, EBV-specific CD8 + T cells in the CSF might be recognizing not EBV but a CNS autoantigen with which they crossreact. LCL-specific CD4 + T cells have been isolated from the CSF of MS patients and patients with other neurological diseases. 91 There have been few studies of the CD4 + T-cell response to EBV in MS. One study found a normal frequency of LCL-specific CD4 + T cells in the blood, 45 whereas another observed an increased frequency of EBNA1-specific CD4 + T cells. 92 There is some evidence of CD4 + T cells cross-reacting with EBV and myelin antigens. In the first reports, two CD4 + T-cell clones specific for myelin basic protein and cross-reacting with EBV DNA polymerase were isolated from an MS patient. 93, 94 One subsequent study found that 3-4% of EBNA1-specific CD4 + T cells in healthy subjects and MS patients react with peptides derived from myelin proteins, 73 whereas another found no evidence of CD4 + T-cell cross-reactivity between LCL and brain antigens. 76 EBV load in MS Studies on the EBV DNA load in the blood have yielded conflicting results. Some studies have found that the EBV DNA load in PBMC or whole blood is normal in MS patients, 95-100 whereas others have found it to be increased 49, 101 or non-significantly increased. 92 EBV DNA has been detected in the plasma or serum in only a small proportion (0-7.3%) of MS patients, with no significant differences between MS patients and controls, 51, 95, 97, 99, [102] [103] [104] with the exception of the study by Wandinger et al. 33 who found EBV DNA in the serum of 72.7% of patients with clinically active disease but in none with clinically stable disease. Some studies, 33, 105, 106 but not others, 95, 96 have suggested an association between clinical disease activity and elevated EBV DNA load in the blood.
The insensitivity of DNA PCR for detecting EBV in PBMC or whole blood is demonstrated by the detection of EBV DNA in PBMC or whole blood in only 26.4-81.3% of MS patients [95] [96] [97] [98] [99] [100] [101] despite virtually all (499%) MS patients being EBV seropositive. 34, 36 The insensitivity of this approach is due to the fact that in healthy EBV-seropositive subjects, the frequency of EBV-infected cells within the peripheral blood B-cell population is only~5 per 10 6 B cells. 107 A further limitation of the use of DNA PCR to detect EBV in PBMC or whole blood is that the method yields the total EBV genome copy number and does not distinguish between genomes in virions and genomes in latently infected cells. This is important because latently infected cells express only very low numbers (two to five copies) of viral genomes per cell, whereas a single cell replicating the virus and producing virions contains thousands of genomes. 108 Therefore, a large increase in the EBV DNA load could be due to a large increase in the frequency of latently infected B cells or a small increase in the proportion of infected cells replicating the virus. To overcome these problems, it is necessary to use methods that identify and quantify single infected cells, such as limiting dilution analysis to measure the precursor frequency of spontaneously transforming B cells in the presence of cyclosporine, 109 limiting dilution EBV DNA PCR, 108 flow cytometric fluorescent in-situ hybridization (ISH) targeting EBV-encoded small RNA (EBER) 110 or single-cell reverse transcription-PCR for EBER. 111 Limiting dilution analysis of spontaneously transforming B cells has revealed a 3.6-fold higher frequency of EBV-infected B cells in the peripheral blood of patients with rheumatoid arthritis compared with normal controls, 109 and limiting dilution EBV DNA PCR has demonstrated a 10-fold higher frequency of EBV-infected B cells in the blood of patients with systemic lupus erythematosus compared with healthy subjects; 108 however, these techniques have not been applied to patients with MS. Recently, Maurer et al., 111 using singlecell reverse transcription-PCR for EBER, found increased frequencies of EBV-infected plasma cells and plasmablasts in the peripheral blood of MS patients. Spontaneous EBV-induced transformation of peripheral blood B cells occurs more frequently in MS patients than in healthy subjects; 30, 112, 113 this could be due to an increased frequency of EBV-infected B cells in the blood and/or impaired T-cell-mediated regression of EBV-driven B-cell outgrowth in vitro. In two of these studies, increased spontaneous transformation occurred in the presence of cyclosporine to inhibit T-cell activity, 112, 113 suggesting an increased frequency of circulating EBV-infected B cells. However, limiting dilution analysis is needed to confirm this. Children with MS have increased shedding of EBV from saliva, suggesting impairment of immunologic control of EBV. 114 EBV DNA has been detected in the CSF or cell pellets isolated from the CSF in only small proportions (0-12.5% and 18.2%, respectively) of MS patients, with no significant differences between MS patients and controls. 99, 100, 102, 104, 115 Even in patients with a demonstrated high level of EBV infection in B cells and plasma cells within brain tissue, the frequency of detection of EBV DNA in the CSF was low (12.5%). 115 The use of single-cell reverse transcription-PCR for EBER1 on individually sorted B cells and plasma cells from the CSF has yielded conflicting results, with one study detecting no EBV-infected cells 116 and another study finding an increased frequency of EBVinfected B cells in the CSF of patients with MS compared with patients with non-inflammatory neurological diseases. 111 In 2007, Serafini et al. 115 reported that a high proportion of the B cells and plasma cells in the brain in MS are infected with EBV. Meningeal B-cell lymphoid follicles containing germinal centres were major sites of EBV persistence. In contrast, EBV-infected B cells were not found in the brain in other inflammatory CNS diseases. They identified EBV-infected cells using EBER-ISH and by immunohistochemistry with antibodies specific for EBV proteins. EBER-ISH is the gold standard for detection of EBV-infected B cells in histological material 117 because EBER, which are non-coding RNA transcripts, are present at high copy numbers in all EBV-infected cells. However, subsequent studies by four other groups, two of whom also employed EBER-ISH, concluded that EBV is rare or absent in the MS brain. 116, [118] [119] [120] Although it remains controversial whether EBV in present in the brain in MS, 121 additional support for the presence of EBV-infected cells in the brain in MS comes from the study of Tzartos et al. 122 Using EBER-ISH and immunocytochemistry, they found EBV-infected cells perivascularly in white matter lesions in seven out of seven MS brains, including four with a high frequency of EBER + cells. Further support for the presence of EBV in the MS brain has been provided by a highly sensitive radioactive ISH technique using radiolabelled EBER probes, which detected EBER + cells in MS brain samples 123 previously reported to be devoid of EBER + cells by two groups using non-radioactive EBER-ISH protocols. 118, 119 An important question is whether the presence of EBV-infected B cells in the brain is specific for MS. In healthy EBV-seropositive subjects, the frequency of EBV-infected B cells in the peripheral blood is~5 per 10 6 B cells. 107 Thus, there is likely to be a similar low frequency of EBV-infected B cells at any site of tissue inflammation involving B cells, regardless of cause. For EBV-infected B cells in the CNS to be incriminated in the pathogenesis of MS, they should be present at a substantially higher frequency than would occur if the proportion of EBV-infected B cells within the B-cell component of the tissue infiltrate simply reflected that in the blood. This is certainly the case in the studies that have detected EBV-infected cells in the brain in MS. 115, 122, 123 Surprisingly, Tzartos et al. 122 also found EBER + cells in the CNS in two cases of stroke, where B-cell infiltration is sparse. 124 They did not identify the type of cell staining positive for EBER with the avidin-biotin complex peroxidase technique, and it is possible that the reactivity resulted from the myeloperoxidase activity of neutrophils, which infiltrate the CNS in ischaemic and haemorrhagic stroke. 124, 125 Recently, EBV-infected B cells were also detected in a cervical lymph node, as well as in the CNS, of a patient with primary progressive MS. 126 Studies on EBV protein expression in the brain in MS have revealed that a high proportion of B cells within the perivascular cuffs of active and chronic active white matter lesions, meningeal infiltrates and ectopic B-cell follicles coexpress LMP1 and LMP2A, whereas few express EBNA2. 115, 127 In contrast, expression of the EBV early lytic cycle protein BFRF1 was restricted to B cells, and particularly plasma cells, in acute lesions, and inside and around meningeal B-cell follicles. 115 The expression of LMP1 and LMP2A, but not EBNA2, by B cells in meningeal lymphoid follicles indicates that here EBV employs the latency II ('default') transcription programme, 115, 127 which allows infected B cells to proceed through a germinal centre reaction to become latently infected memory B cells. 9 It also fits with the observation that in the tonsils of healthy EBV carriers, EBVinfected B cells using this viral transcription programme not only are functionally indistinguishable from classical germinal centre B cells but also are actually located in the germinal centres. 15 Further research is needed to determine whether EBV-infected B cells and plasma cells in the MS brain are autoreactive, as recently shown for EBV-infected plasma cells in the synovium in rheumatoid arthritis 68 and salivary glands in Sjögren's syndrome. 69 EBV strain variation in MS EBV strain variation could influence susceptibility to MS in two ways. 128 First, different strains of EBV may have different intrinsic biological activities, causing variations in infectivity, B-cell activation or lytic potential, which could affect B-cell homeostasis and the development of autoimmunity. Second, variant EBV strains could evoke different antibody and T-cell immune responses, with less protective immunity or more pathogenic immunity through crossreactivity with CNS antigens. Brennan et al. 128 sequenced the genes encoding EBNA1 and BRRF2 in EBV isolates from MS patients and control subjects. They found that several single-nucleotide polymorphisms within the EBNA1 gene, and one within the BRRF2 gene, occurred at marginally different frequencies in EBV strains infecting MS patients compared with controls. Simon et al. 129 sequenced the N-and C-terminal regions of the EBNA1 gene and the C-terminal region of the LMP1 gene, and found no significant differences between MS patients and controls. Two other studies also sequenced the LMP1 gene and observed no differences between MS patients and controls. 128, 130 In another study, sequencing of the EBNA2 gene revealed no differences between patients with a first clinical diagnosis of CNS demyelination and control subjects. 131 Future studies should be aimed at sequencing the entire EBV genome in EBV isolates from MS patients and healthy EBV carriers.
MECHANISMS BY WHICH EBV MIGHT CONTRIBUTE TO THE DEVELOPMENT OF MS
Several hypotheses have been proposed to explain the role of EBV in the development of MS: (1) the cross-reactivity hypothesis; (2) the bystander damage hypothesis; (3) the αB-crystallin (mistaken self) hypothesis; and (4) the EBV-infected autoreactive B-cell hypothesis.
Cross-reactivity hypothesis For many years, the most popular hypothesis was the cross-reactivity hypothesis. This postulates that T cells primed by exposure to EBV antigens cross-react with, and attack, CNS antigens. 93, 94 In support of this, one study found that 3-4% of EBNA1-specific CD4 + T cells in healthy subjects and MS patients react with peptides derived from myelin proteins, 73 although another study found no evidence of CD4 + T-cell cross-reactivity between LCL and brain antigens. 76 The EBV cross-reactivity hypothesis does not explain why the autoimmune attack on the CNS is not switched off by the activation-induced apoptosis of autoreactive T cells that normally occurs when autoreactive T cells enter the CNS. [132] [133] [134] Furthermore, this hypothesis does not require or explain the presence of EBV-infected B cells in the brain, 115, [122] [123] because cross-reactivity is initiated when T cells are exposed to EBV in lymphoid tissue outside the CNS. Although T-cell cross-reactivity between EBV and CNS antigens might contribute to the disease process in MS, it is unlikely to be the main role of EBV in the development of MS. 67 Bystander damage hypothesis The EBV bystander damage hypothesis proposes that the immune attack on the CNS in MS is directed primarily against EBV antigens, particularly lytic antigens, resulting in bystander damage to the CNS. 115 With this hypothesis, MS would not be an autoimmune disease, although secondary autoimmune responses could occur as a result of sensitization to CNS antigens released after virus-targeted bystander damage. In support of this hypothesis, CD8 + T cells have been located in close proximity to lytically infected plasma cells in the brain, 83, 115 and the frequency of CD8 + T cells specific for EBV lytic antigens is increased in the blood during the active phase of relapsingremitting MS, as indicated by clinical relapses and/or gadoliniumenhancing MRI brain lesions. 83 A key question is whether the inflammation, demyelination and neurological deficits typical of clinical attacks of MS are caused by the entry into the CNS of EBV-specific CD8 + T cells, CNS-reactive T cells or a combination of both. Some patients also show an increased frequency of myelinreactive T cells in the blood during attacks of MS. 135 The bystander damage hypothesis does not explain the evidence for a primary role of autoimmunity in the development of MS. 3, 4, 136 It also questions why an EBV-targeted immune response sufficient to cause bystander CNS damage does not delete EBV-infected B cells from the CNS. EBVdirected bystander damage might contribute to the disease process in MS but it is unlikely to constitute the main pathogenic role of EBV in MS. 67 Another possible mechanism whereby EBV-infected B cells might contribute to CNS damage has been suggested by Tzartos et al. 122 who found that macrophages and microglia express interferon-α in lesions containing EBV-infected cells. They proposed that EBER molecules released by EBV-infected B cells activate innate immunity through stimulation of Toll-like receptor-3 on macrophages and microglia, and that the resulting antiviral state contributes to CNS inflammation.
αB-crystallin or 'mistaken self' hypothesis The αB-crystallin or 'mistaken self' hypothesis proposes that exposure to infectious agents induces the expression of αB-crystallin, a small heat-shock protein, in lymphoid cells and that the immune system mistakes self αB-crystallin for a microbial antigen and generates a CD4 + T-cell response, which then attacks αB-crystallin derived from oligodendrocytes, with resultant demyelination. 137 αB-crystallin is reportedly an immunodominant antigen of CNS myelin from MS patients, which is expressed in oligodendrocytes and myelin in early MS lesions, but not in normal white matter. 137 An essential aspect of this hypothesis is that infection of the CNS by a microbial agent, which may not be the same as the one inducing αB-crystallin in lymphoid cells, upregulates the expression of αB-crystallin in oligodendrocytes and provides other 'danger' signals in the CNS, thereby allowing inflammation to develop. Although the hypothesis is not specific for EBV, EBV is a potential candidate because it induces the expression of αB-crystallin in B cells, which present the protein to CD4 + T cells in a human leukocyte antigen-DR-restricted manner. 138 By itself, this hypothesis cannot explain the initial development and subsequent persistence of inflammation in the CNS but it might account for how CD4 + T cells target oligodendrocytes and myelin after initiation of CNS inflammation.
EBV-infected autoreactive B-cell hypothesis
The EBV-infected autoreactive B-cell hypothesis of autoimmunity published in 2003 postulates that human chronic autoimmune diseases, including MS, are caused by EBV infection of autoreactive B cells, which accumulate in the target organ where they produce pathogenic autoantibodies and provide costimulatory survival signals to autoreactive T cells that would otherwise die in the target organ by activation-induced apoptosis. 67 It also proposes that the accumulation of EBV-infected autoreactive B cells in the target organ is due to a genetically determined defect in the elimination of EBV-infected B cells by the cytotoxic CD8 + T cells that normally keep EBV infection under stringent control. The probability of EBV infecting naive autoreactive B cells is substantial, because at least 20% of human naive B cells are autoreactive. 139 The hypothesis makes predictions that have subsequently been verified, namely the presence of EBV-infected B cells in the brain in MS; 115, 122, 123 EBV infection of autoreactive memory B cells during AIM; 140 EBV infection of autoreactive plasma cells in the synovium in rheumatoid arthritis 68 and salivary glands in Sjögren's syndrome; 69 decreased CD8 + T-cell immunity to EBV in MS; 75 a beneficial effect in MS of rituximab, which kills B cells, including EBV-infected B cells; 141 and a beneficial effect of EBVspecific adoptive immunotherapy in MS. 142 It also explains why irradiation of the CNS fails to eradicate the production of oligoclonal IgG, 143 because the EBV protein BHRF1, a homologue of the antiapoptotic protein Bcl-2 and produced by both latently and lytically infected cells, 144 inhibits radiation-induced B-cell apoptosis. 145 Based on the EBV-infected autoreactive B-cell hypothesis, 67 the following scenario is postulated to lead to the development of MS 6 (Figure 1) . EBV infection in people with a genetically determined deficiency of CD8 + T cells results in a high frequency of EBV-infected memory B cells, including autoreactive B cells, which infiltrate the CNS and produce oligoclonal IgG in the CSF. In people possessing class II human leukocyte antigen types (such as DRB1*1501), which predispose to MS, common systemic infections activate CNS-reactive CD4 + T cells that traffic into the CNS where they are reactivated by EBV-infected B cells presenting CNS antigens. These EBV-infected B cells provide costimulatory survival signals to the T cells, thereby inhibiting the activation-induced T-cell apoptosis that normally occurs when autoreactive T cells enter the CNS. [132] [133] [134] The autoreactive T cells initiate an immune attack on the CNS, recruiting macrophages and B cells. CNS antigens released by this attack induce spreading of the immune response to other CNS antigens. Repeated T-cell attacks on the CNS supported by local EBV-infected B cells facilitate the development of meningeal B-cell follicles with germinal centres, which generate CNS-reactive B cells and plasma cells producing autoantibodies that cause demyelination and neuronal damage in the underlying cerebral and cerebellar cortex, leading to the progressive phase of MS. At the same time as the EBV-infected autoreactive B cells in the brain are driving the autoimmune attack on the brain by producing pathogenic autoantibodies and providing costimulatory survival signals to autoreactive T cells, the autoimmune process itself could promote the survival, proliferation and differentiation of the EBV-infected autoreactive B cells by releasing CNS antigens and giving CD4 + T-cell help, which would complement the BCR and CD40 receptor signalling already provided by LMP2A and LMP1, respectively, that is, 'double signalling'. 146, 147 This could lead to a vicious circle wherein EBV-infected autoreactive B cells promote autoimmunity, which in turn promotes EBV infection in the CNS. Such extensive double signalling through the BCR and CD40 pathways in the target organ of patients with chronic autoimmune diseases could be a relatively new experience for EBV in its 40 million years of coevolution with primates.
STRATEGIES AIMED AT PREVENTING AND TREATING MS BY CONTROLLING EBV INFECTION
It has been proposed that effective control of EBV infection will prevent and cure chronic autoimmune diseases, including MS. 6, 67, 148, 149 The following strategies of controlling EBV infection have therapeutic potential.
Prevention
Vaccination of healthy EBV-seronegative young adults with recombinant gp350 prevents the development of AIM induced by EBV infection, although it does not prevent asymptomatic infection. 150 After vaccination, there was seroconversion to antigp350 antibodies persisting for 418 months and accounting for the protective effect, given that anti-gp350 antibody neutralizes EBV infectivity. 151 Vaccination of rhesus monkeys with soluble rhesus lymphocryptovirus gp350 not only protects against infection but also reduces viral loads in animals that become infected with virus after challenge. 152 As AIM increases the risk of MS, 37 vaccination with gp350 might decrease the occurrence of MS by reducing the occurrence of AIM. By reducing the infectivity of EBV, it might prevent MS also in people who would not have developed AIM after EBV infection. Vaccination against EBV latent proteins also has the potential to prevent MS.
Treatment
There are 3 ways to treat MS by controlling EBV infection: (1) B-cell depletion with monoclonal antibodies, (2) antiviral drugs and (3) boosting immunity to EBV. B-cell depletion with rituximab reduces inflammatory brain lesions and clinical relapses in patients with relapsing-remitting MS 141 but has the disadvantage of indiscriminately killing, not only EBV-infected B cells but also all uninfected B cells, thereby impairing protective humoral immunity against infectious agents, including EBV.
With regard to antiviral drugs, therapy with aciclovir, which inhibits herpesvirus DNA polymerase, 2.4 g daily for 2 years decreased the relapse rate by 34% in patients with relapsing-remitting MS (P = 0.08). 153 In a subsequent study, treatment with valaciclovir 3 g daily for 24 weeks reduced the number of new active MRI brain lesions in a subset of MS patients with high levels of MRI-evident disease activity. 154 The limited efficacy of aciclovir and valaciclovir in MS might be due to the fact that these drugs act on EBV only when it is using its own DNA polymerase to replicate its DNA. This will apply only to lytically infected cells, but not to latently infected cells, which replicate EBV DNA by using EBNA1 to engage host-cell DNA polymerase. Thus, these antiviral drugs will inhibit EBV in only the minority of the EBV-infected B cells in the brain that are lytically infected but not in the majority that are latently infected. 115 An alternative approach is to target the main latent proteins expressed by EBV-infected B cells in the brain in MS, namely LMP1, LMP2A and EBNA1. 115, 127 This approach is exemplified by the use of small interfering RNA targeting the LMP1 gene to downregulate LMP1 expression and induce apoptosis in EBV-infected LCL, 155 and by the use of small molecule inhibitors of EBNA1. 156 Drugs inducing apoptosis of EBV-infected cells by inhibiting EBV-encoded antiapoptotic proteins such as BHRF1 157 might also be beneficial in the treatment of MS.
Improving immunity to EBV in people with MS could be achieved by vaccination with gp350 or EBV latent proteins, administration of humanized or human monoclonal antibody against gp350, or by the infusion of in vitro-expanded autologous EBV-specific CD8 + T cells. Treatment with autologous EBV-specific cytotoxic CD8 + T cells is beneficial in patients with EBV-induced post-transplantation lymphoproliferative disease 158 and EBV-associated metastatic nasopharyngeal carcinoma. 159 This approach should be feasible in MS because, despite the quantitative deficiency of EBV-specific CD8 + T cells, it is possible to generate EBV-specific CD8 + T-cell lines by in vitro stimulation with autologous LCL. 75 Furthermore, EBV-infected B cells from MS patients are not resistant to killing by CD8 + T cells, because EBVinfected LCL from MS patients can be killed normally by HLAmatched EBV-specific CD8 + T-cell clones from healthy subjects, as well as by autologous EBV-specific CD8 + T-cell lines. 75 AdE1-LMPpoly is a novel recombinant adenovirus vector encoding multiple CD8 + T-cell epitopes from three EBV latent proteins, namely EBNA1, LMP1 and LMP2A. 159 Adoptive immunotherapy with autologous T cells expanded in vitro with AdE1-LMPpoly increases survival in patients with metastatic nasopharyngeal carcinoma, where the EBVinfected carcinoma cells express EBNA1, LMP1 and LMP2A. 159 As EBV-infected B cells in the brain in MS express the same three EBV proteins, 115, 127 adoptive immunotherapy with AdE1-LMPpoly might be an effective way to increase the number of CD8 + T cells available to eliminate EBV-infected B cells from the CNS in MS. Recently, this approach was used to treat a patient with secondary progressive MS. 142 EBV-specific T cells from the patient's blood were expanded by in vitro stimulation with AdE1-LMPpoly and interleukin-2. After expansion, 38.46% of CD8 + T cells, but only 0.22% of CD4 + T cells, reacted to Figure 1 Proposed role of EBV infection in the development of MS. During primary infection, EBV infects autoreactive naïve B cells in the tonsil, driving them to enter germinal centres where they proliferate intensely and differentiate into latently infected autoreactive memory B cells (Step 1), which then exit from the tonsil and circulate in the blood (Step 2). The number of EBV-infected B cells is normally controlled by EBV-specific cytotoxic CD8 + T cells, which kill proliferating and lytically infected B cells, but not if there is a defect in this defence mechanism. Surviving EBVinfected autoreactive memory B cells enter the CNS where they take up residence and produce oligoclonal IgG and pathogenic autoantibodies, which attack myelin and other components of the CNS (Step 3). Autoreactive T cells that have been activated in peripheral lymphoid organs by common systemic infections circulate in the blood and enter the CNS where they are reactivated by EBV-infected autoreactive B cells presenting CNS peptides (Cp) bound to major histocompatibility complex (MHC) molecules (Step 4). These EBV-infected B cells provide costimulatory survival signals (B7) to the CD28 receptor on the autoreactive T cells and thereby inhibit the activationinduced T-cell apoptosis, which normally occurs when autoreactive T cells enter the CNS and interact with non-professional antigen-presenting cells such as astrocytes and microglia, which do not express B7 costimulatory molecules [132] [133] [134] ( Step 6). After the autoreactive T cells have been reactivated by EBV-infected autoreactive B cells, they produce cytokines such as interleukin-2 (IL2), interferon-γ (IFNγ) and tumour necrosis factor (TNFβ) and orchestrate an autoimmune attack on the CNS with resultant oligodendrocyte and myelin destruction (Step 5). Reproduced from Pender, 6 with permission.
the LMP peptides within AdE1-LMPpoly. The EBV-specific T cells were returned to the patient intravenously at fortnightly intervals. To reduce the risk of aggravating CNS inflammation, an initial dose of 5 × 10 6 T cells was administered, which is 25% of the median dose used for nasopharyngeal carcinoma, 159 with gradual escalation of the dose over the following three infusions to 1 × 10 7 , 1.5 × 10 7 and 2 × 10 7 cells. The treatment was successfully completed without significant adverse effects. Following the treatment, the patient experienced a reduction in fatigue and painful lower limb spasms, an improvement in cognition and hand function, and increased productivity at work. These improvements were sustained up to the time of the latest review, 21 weeks after the final T-cell infusion, when neurological examination demonstrated increased voluntary movement of the lower limbs. Following treatment, the frequency of circulating EBVspecific CD8 + T cells increased and there were decreases in intrathecal IgG production and disease activity on brain MRI. 142 The beneficial effects of the therapy were attributed to the killing of EBV-infected B cells in the CNS by the adoptively transferred CD8 + T cells.
The adoptive transfer of EBV-specific CD8 + T cells in MS is not without risk. The transferred T cells could aggravate inflammation in the CNS and actually worsen MS, either through cross-reactivity between EBV and CNS antigens or through bystander damage. Clinical trials are needed to determine first the safety and then the efficacy of EBV-specific adoptive immunotherapy in a larger number of patients with progressive MS. In view of the potential risk of aggravating CNS inflammation, this therapy should probably not be tried yet in patients with relapsing-remitting MS, for which a number of disease-modifying therapies are already available. 147 Another important question is how long any beneficial effect of EBV-specific adoptive immunotherapy in MS is likely to last. As the therapy does not correct the generalized CD8 + T-cell deficiency that might underlie the impaired CD8 + T-cell immunity to EBV in MS, 77, 78 it is likely to be that EBV-specific CD8 + T-cell immunity might eventually wane again after the initial increase from immunotherapy. If such a decrease is accompanied by worsening of MS, consideration should be given to administering a further course of EBV-specific adoptive immunotherapy.
CONCLUSION
Given the rapidly accumulating evidence for a role of EBV in the pathogenesis of MS, there is ground for optimism that it might be possible to prevent and cure MS by effectively controlling EBV infection. Strategies to control EBV infection include vaccination against EBV, antiviral drugs and adoptive immunotherapy with EBVspecific cytotoxic CD8 + T cells.
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